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Abstract 

We study the quantum theory of the spherically symmetric black holes. The 
theory yields the wave function inside the apparent horizon, where the role of 
time and space coordinates is interchanged. The de Broglie-Bohm interpretation is 
applied to the wave function and then the trajectory picture on the minisuperspace 
is introduced in the quantum as well as the semi-classical region. Around the 
horizon large quantum fluctuations on the trajectories of metrics U and V appear 
in our model, where the metrics are functions of time variable T and are expressed 

2 

as ds'^ = ——dT^ + UdR^ + VdO,"^. On the trajectories, the classical relation 

U = —V^^'^ + 2Gm holds, and the event horizon U = corresponds to the classical 
apparent horizon on V = 2Gm. In order to investigate the quantum fluctuation 
near the horizon, we study a null ray on the dBB trajectory and compare it with 
the one in the classical black hole geometry. 
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1 Introduction 



A quantum state with fluctuations of spacetime is described by a state vector 
wliicli is a solution to the Wheeler-DeWitt (WD) equation if\E' = 0, where H is the 
Hamiltonian of the gravitating system[jl|, |^. This equation implies that the wave func- 
tion is a stationary state with zero energy, and there is no Schrodinger evolution of the 
physical state, that is, we cannot get the dynamical picture from this equation. This is 
called the problem of time in quantum gravity and has been researched extensively P]. 
In addition to this, there are other problems on the interpretation for the wave function 
to be considered|^. In particular, problems occur when we apply the ordinary Copen- 
hagen interpretation to the wave function of the whole universe. First one is that the 
observer is also an element of the quantum mechanical system. Second one is that in the 
Copenhagen interpretation, one must consider many times of measurements performed 
on a pure ensemble, each element of which is characterized by the same state | \E' >, 
and when a measurement of observable A is made by an external observer described 
by the classical mechanics, the measurement causes the discontinuous change brought 
about by the collapse of the wave function into an eigenstate | a > with eigenvalue a. 
It is assumed that the quantity |< a | \E' >p gives the probability for obtaining the 
measured value a. In quantum cosmology, however, since the wave function given by 
the WD equation describes a unique and whole system, one cannot accept the concept 
of the probability. 

Many people use the WKB approach to the quantum cosmology to overcome the 
problem of time|^, ^. In the standard WKB approach, the system is assumed to sepa- 
rated into two parts: the gravitational part as the semi-classical system and the matter 
part as the quantum system. The time is introduced through the identification of the 
gradient of the classical action with the velocity variable. The Hamiltonian of quan- 
tum matter plays the time developing operator and the Schrodinger-like equation holds, 
though the total system does not develop the time. Some ambiguities and difficulties 
of this method were pointed out 0, H, |^. Though the WKB approach successfully 
introduce the time and the Schrodinger equation, the problem of observation remains 
unsolved because the standard WKB approach gives no alternative to the stand point 
of the Copenhagen interpretation. 

The de Broglie-Bohm (dBB) interpretation[10, 11] introduces the time in the very 
similar way to the WKB approach whereas it takes very different interpretation to the 
wave function. The dBB interpretation defines a kind of trajectory by identifying the 
momentum with the gradient of the phase of the wave function. We shall call it the 
dBB or quantum trajectory. This interpretation seems to be able to avoid some of 



the problems mentioned above |T2|, |T3[. For the problem of the dynamical evolution, 
we can obtain it through the dBB trajectories, which describe the quantum evolution 
using the time coordinate appeared in the original Lagrangian. These trajectories are 
assumed to be the real entity. The quantum effects on the trajectories are represented 
by the quantum potential quantitatively which is defined by the second derivative of the 
amplitude of the wave function. By this quantum potential the dBB trajectories are 
modified from the classical ones. If the quantum potential is small enough compared 
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with the ordinary potential, the classical system is realized whether the observer exists 
or not. Therefore the dBB interpretation needs no observer and no collapse of the wave 
function. When we apply the dBB interpretation to the quantum cosmology, it naturally 
represents how the classical universe emerges for large cosmic scale factor |]14|, ^, |T6|. 

In this paper, we apply the dBB interpretation to the quantum geometry of the 
Schwarzschild black hole, which is one of other interesting issues in the quantum gravity, 
because the quantum effect may become large near the singularity or the horizon. The 
quantum mechanical property of the black hole geometry may affects to the Hawking 
radiation [l^, [l^, and to the phenomenon of the smearing of a black hole singu- 



larity In order to treat the quantum theory of black hole, Nambu and Sasaki [22 



have proposed the canonical quantum gravity inside the horizon of the black hole and 
introduced the mass scale using a dust collapse model. Nakamura, Konno, Oshiro and 
Tomimatsu (NKOT) solve the WD equation with the limitation of the mass eigen- 
state to study the quantum fluctuation of the horizon and found an exact wave function 
for the minisuperspace model of the interior geometry of the black hole. They researched 
the quantum effect on the horizon geometry on the basis of the WKB approach. The 
quantum fluctuation may become very large near the horizon, where the WKB method 
cannot be adopted. In order to estimate the quantum fluctuation quantitatively beyond 
the semi-classical region, we study the dBB interpretation for the wave function of the 
Schwarzschild black hole. 

In the classical theory, a spherically symmetric gravitational field in empty space 
must be static and its metric is given by the Schwarzschild solution by the Birkhoff 
theorem |p4||. In order to study the quantum theory, the canonical formalism must be 



formulated within the horizon region and the mass function is expressed by canonical 
variables. The mass eigenvalue equation plays an important role in order to argue the 
quantum theory of the empty space. Instead of imposing the momentum constraint, 
the mass eigenvalue equation guarantees the diffeomorphism invariance not only inside 
but also the out side of the horizon. The mass eigenvalue equation restricts the solution 
space of the WD equation strongly and plays the role of a kind of the initial or boundary 
condition. We use the canonical definition of the mass function considered by Fischler, 
Morgan, and Polchinski|^5[] and by Kuchaf ^6[, who has examined the canonical quanti- 
zation formalism by Dirac|27|, and by Arnowitt, Deser and Misner|28] for the spherically 
symmetric spacetime. They have shown that the mass function can be described by the 
canonical variables and is a constant of motion. We solved the WD equation and the 
mass eigenstate equation simultaneously and obtained the general wave function, which 
is essentially same as that by NKOT but is taken account of the general form of oper- 
ator ordering. We apply the dBB interpretation to this wave function and obtain the 
dBB trajectories on the minisuperspace, which represents the quantum feature of the 
geometry of the Schwarzschild black hole. We investigate the light ray on this quantum 
geometry. 

This paper is organized as follows. In section 2, we review the canonical formalism 
in spherically symmetric spacetime. In section 3, we perform the canonical quantization 
of this system and obtain the wave function for the Schwarzschild black hole under a 
general consideration of the operator ordering. In section 4, we consider the implication 
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of the wave function with the help of the dBB interpretation. Summary and discussion 
are given in section 5. 



2 Canonical formalism in spherically symmetric spacetime 

In this section, we review the canonical formalism in the spherically symmetric space- 
time in four dimension. The metric of the general spherically symmetric spacetime is 

ds'' = -u(r)dt^ + ^^dr^ + r^dn'', (2.1) 
u[r) 

where the each metric depends only on the space variable r and dQ^ = dO'^ + sin^ 9d(f)'^ 
denotes the line element on the unit sphere. The unique solution of the vacuum Einstein 
equation for this metric is known as the Schwarzschild solution for 

a=l, and u{r) = 1 - (2.2) 

where G denotes the gravitational constant. The integration constant m represents the 
asymptotically observed mass of a spherically symmetric matter. The metric becomes 
singular when r — and r = Vg = 2Gm. Here r = is a real physical singularity, 
whereas r = is a coordinate singularity and corresponds to the event horizon. Inside 
the black hole (r < Vg), the metric gu becomes positive and grr negative, and so the role 
of time and space coordinate are interchanged. We denote this situation as 

t^R, r^T, u{r)^-U{T), a{r) ^ a{T). (2.3) 

Then the interior metric of a spherically symmetric black hole is represented as 

ds^ = -^^dT^ + U{T)dR^ + V{T)dn\ (2.4) 

where the range of the variables are T>0, — oo<it!<oo. The metric V{T) is 
introduced in order to represents the quantum geometry of the spherically symmetric 
spacetime. In this metric, the classical solution is written as: 

= V^'^T. (2.5) 

The vacuum Einstein action 

is written in the form of (3+1) decomposition in terms of the ADM analysis as 

S = I dTL, (2.7) 
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where L is the Lagrangian 



(2.8) 



where N and Kab denote the lapse function and the extrinsic curvature, and ^^^g, and 
^^^R denote the metric and the curvature in three dimensional manifold respectively. By 
inserting the metric in Eq. (|2.4| ), the Lagrangian Eq. (|2.8|) becomes 



AG 



1 • • UV"^ 



2a 



(2.9) 



where dot denotes the derivative with respect to T. The volume of the system vq = 
/q°° dR is treated to be finite. 



Here we change the variables from f/, V to follows: 

z+ = uW, = W. 



(2.10) 



By using these new variables, the Lagrangian (Eq.( p.9|) ) becomes simpler and symmetric 
formpl 



2G 



a 



(2.11) 



The canonical momentum conjugate to 2;+, z^ and a are obtained from this Lagragian: 

77+ = ^ = -.r^i-, (2.12) 
il- = ^ = -^i+, (2.13) 

(2.14) 

The variable a plays the role of the lapse function and so its canonical conjugate mo- 
mentum ( |2.14| ) becomes zero, which is the primary constraint. The Hamiltonian for this 
system becomes of the form: 



dL 


vo 


9i+ 


2Ga 


dL 


vo 


9i_ 


2Ga 


dL ^ 








da 





H 



-a 



Vq 2G 



(2.15) 



The development of the primary constraint (|2.14|) by this Hamiltonian (|2.15 ) yields the 
secondary constraint: 



0, 



(2.16) 



which is called the Hamiltonian constraint. 



Next we discuss the mass of the system. In the usual classical theory, the unique 
solution of the vacuum Einstein equation for the spherically symmetric spacetime is 
the Schwarzschild solution with one integration constant, which represents the mass of 
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the black hole. In the canonical formalism for the spherically symmetric spacetime, 
the mass can be dynamical function, which has been introduced by Fischler, Morgan, 
and Polchinski ||2^] and extensively discussed by Kuchaf|2^. The spherically symmetric 
hypersurface on which the canonical data is given is supposed to be embedded in a 
Schwarzschild black hole spacetime whose metrics are given by Eq.( p.5|) . This identifi- 
cation of the spacetime with the canonical data enables us to connect the Schwarzschild 
mass M with the canonical data on any small piece of a space-like hypersurface. As 
results, the mass function is expressed by the canonical variables 

1C 7 

M = ^.,(77J^ + -. (2,17) 

The Poisson bracket of this mass function with H vanishes weakly: 

1C 

{H, M}p = -th— n+ H^O, (2.18) 

^0 

which shows that the mass is a constant of motion. Therefore we can consistently impose 
two equations: the Hamiltonian constraint and the mass constraint M = m (constant) 
on canonical data. 



3 Quantization 

In this section, we proceed the canonical quantization treatment of the spherically 
symmetric spacetime, that is, the Schwarzschild black hole system. We do not discuss 
the Hilbert space of the quantum gravity, and instead of this, we consider a general form 
of the operator ordering for the canonical operators. 

In the Schrodinger representation, the canonical momenta are quantized as 

77+, = zin+z^^ = n^ + '-^ (3.1) 

77-. = (z_-r,)^77_(^_-r,)-^ = 77_ + ^^, (3.2) 
where 77+ and 77_ are usual differential operators 

77+ = ^- = (3-3) 

and p, s are integers in order to take account of the operator ordering. The Hamiltonian 
constraint ( p.l6| ) gives a condition imposed on the state vector \1' 

'?^n,^n_.^^y^o, (3.4) 

where r and s are arbitrary integers. This is the WD equation for the geometry of the 
Schwarzschild spacetime. In addition, we confine the state vector to the mass eigenvalue 
equation. Therefore, 

2C z 
(M - m)^ = {—n+pz+n+, + _ _ ^)vl/ = 0, (3.5) 



77^ 
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where p, q are arbitrary integers. 

We note that the commutation relation between the Hamiltonian and the mass 
operator is calculated to be 



[H, M-m] 



-2ihG 



{r -p){r -q) — H- 



(3.6) 



For r = p OT r = q, the commutation relation vanishes weakly and the simultaneous 
requirement of the WD equation and the mass eigenvalue equation becomes compatible. 
In the following, we take the case of r = g. The case of r = p is obtained by replacing 
q ^ p in the following calculation. 

Instead of solving the mass eigenvalue equation directly, we consider the eigenvalue 
equation derived from the linear combination of the Hamiltonian and the mass operator: 



As this equation is the first order differential equation, we can treat it easier. If we 
define the wave function ip: 




(3.7) 



where the operator L is defined as 






(3.9) 



the equations we have to solve become the following two: 




(3.10) 





If we make change of variables 




(3.12) 



Eq.( |3.1lD becomes 




(3.13) 



whose general solution is given by 




(3.14) 
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where u{z) is an arbitraly function of z. By substituting the new variables ( |3.12| ) and 
the wave function (|3.14|) into Eq. (|3.10|) , the WD equation is reduced to 



l—z— - y^fl— —1+1 

z dz dz z'^Kydy^dy 



y 

0. 



,p-q 



ld_ d_ 

z dz dz 



{p - qf 



u{z) 
(3.15) 



The equation for u is the Bessel's differential equation with order p — q. Then we obtain 
the eigen function for the WD and the mass eigenvalue equations 



CiHl'l^iz) + c,H'/_!g{z) 



(2) 



(3.16) 



where Ci, C2 are integration constants. The Hankel functions H^^\ H^"^^ are linearly 
independent and complex conjugate each other. 

NKOT have derived the quantum wave function for the Schwarzschild black hole. As 
the variables y, z in Eq.( 3.12|) take real values for the physical metrics U, V in Eq. (|2.4|) , 
the complex phase factor comes only from the Hankel function. Note that our solution 
includes NKOT's solution |30t . 



4 Implication of wave function 

NKOT have discussed the quantum evolution of the metric variables from the wave 
function of the black hole in the WKB approach ||23||. They further argued the possibility 



of a tunneling solution across the horizon, where the quantum fluctuation becomes large 
and the WKB approach is not applicable. In order to make the quantitative estimation 
of the quantum fluctuation, we apply the de Broglie-Bohm (dBB) interpretation to the 
wave function of the quantum black hole which is obtained in the previous section. This 
dBB interpretation has been applied to quantum cosmology by several authors in order 
to solve the problems of time and the observer [g, |T^ . 



In the following, we apply the dBB interpretation to the wave function of the spheri- 
cally symmetric black hole. For this purpose, we rewrite the WD equation and the mass 
eigen equation explicitly in terms of the real phase and the real amplitude of the wave 
function: 

-^{z+,z_) = R{z+,z_)exp{iS{z+,z^)/h). (4.1) 
Inserting this expression into the WD equation (|3.4|), we obtain the real part equation: 



where Q denotes the quantum potential for the quantum black hole as 
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and the imaginary part equation: 
. d 



z+ oz 



+ 



_d_ 



-){R 



dS 

dz+ 



0. 



(4.4) 



If Q tends to zero, the real part of the WD equation, (^]^) is reduced to the Hamilton- 
Jacobi equation for the black hole. This means that the quantum potential indicates 
the quantum effect quantitatively. In our quantum back hole model, we also demanded 
the mass eigenvalue equation (|3.5|). The real part of this equation can be rewritten as 



2G 

— z+ 



dS 

dz+ 



+ 



2_ 



2G 



+ M, 



Q 



0, 



where Mq is defined as 
Mq-- 



2Gh\ d 



P 



VnR dz. 



and the imaginary part is given as 

d q + p 

dz< z. 



'A 

'dz. 



dS 

dzA- 



Zj^ 



0. 



(4.5) 



(4.6) 



(4.7) 



If Mq tends to zero, Eq. (|4.5|) is reduced to the classical relation : M in Eq. (|2.171 ) equals 
to a constant m. Therefore Mq represents the quantum effect to the mass function. 
The operator L in Eq. (|3.8|) , which is the linear combination of the Hamiltonian and the 
mass operator, is easy to analyze, because it is the first order differential operator. Its 
real and imaginary parts are rewritten respectively as 



_d_ 

dz4. 



- U- 



z+ 



_d_ 

dz4. 



p + s 
. d 



dz^ 



R = 0, 

s = o. 



(4.8) 
(4.9) 



Using Eq.( [4.9|) , the quantum effect of the mass operator Mq can be expressed to be 
proportional to the quantum potential Q: 



Mr 



-Q, 



(4.10) 



so that all the quantum effect vanishes when Q tends to zero. 

Here we introduce the dBB interpretation, which is based on the following assump- 
tions: 

(1) The trajectory picture on the minisuperspace is introduced. The momenta of the 
quantum geometry of the black holes are assumed to be given by 



n_ 



2G^- 
2G^' 



dS 



dz+ 
dS 



dz^ 



(4.11) 
(4.12) 
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where the velocities are determined by the classical relations ( |2.12D and ( |2.13| ) with 
a = 1. The trajectories Z+, Z_ are obtained by integrating Eqs. ( [4.11j ), ( |4.12|) . We 
emphasize that they are the differential equations with respect to T, which is the notion 
of time parameter appeared in Eq.( p.4| ), so that the notion of time is introduced even if 
the WD equation does not depend on the time explicitly. We shall call these trajectories 
as the dBB trajectories hereafter. 

(2) Consider a statistical ensemble of the trajectories. The probability distribution 
is assumed to be given by R^. Note that the imaginary part equation guarantees the 
continuity for the probability density R^. 

(3) The quantum potential Q denotes the quantum effect quantitatively. This is not 
a usual local potential because it is defined through a wave function. If Q is negligible 
compared with the classical potential or kinetic term, the trajectory coincides with the 
classical one. This means that the quantum system behaves like classical one spon- 
taneously. It is indeed this situation what we call "classical". Therefore, we need no 
classical observer which is an essential element in Copenhagen interpretation. On the 
other hand, if Q cannot be negligible, the dBB trajectory is modified by any quantum 
probe. In this case, we should explicitly include a specific quantum observer in the 
dynamical system to get information of the dBB trajectory. When the observer become 
classical, it plays the role of an observer in Copenhagen interpretation which is classical 
by nature. 

We note that in dBB interpretation, an existance in the nature is a dBB trajectory, 
and therefore, predictability of quantum mechanics is based on probability distribution 
of their statistical ensemble. As a result, the reduction of the wave function or the 
loss of the quantum coherence by the measurement is not the matter with the dBB 
interpretation. 



Next we insert the explicit form of the Hankel function (|3.16 ) into the general form 
of the wave function (|4.1| ): 

^ = yP-'z''^'Hl^\z). (4.13) 

Here we have chosen the Hankel function of the second kind H'^'^^ with the index u = p—q, 
which denotes the freedom of the operator ordering, since from the dBB point of view it 
corresponds to the classical relation V^^"^ = T in Eq.( |2.5| ) in semi-classical region, as will 
be seen below (Fig. 2). Physically the selection of H^"^^ corresponds to solve the trajectory 
from the singularity at the origin to outside. On the ansatz the dBB trajectory for the 
wave function of the linear combination of both H^^^ and H^"^^ in Eq.( p.l6D is shown not 
to approach a classical trajectory. 



After inserting Eq. (|4.13|) , the quantum potential is expressed by the Hankel function 

as 



Similarly, the continuity equations ( [4.4|) , ( p7|) and (|4.9| ) are reduced to one equation as 



^iz\Hl'\z)\' ^S)=0, (4.15) 
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which corresponds to the identity of the Hankel function: 

Ai 

Noticing that the phase S comes only from the Hankel function and that the derivative 



^(2)|_^(l)_^(l)|.^(2) 

oz oz 



(4.16) 



of the phase can be expressed by the identity equation ([4.16|) , a couple of equations on 
the velocities ( f4.11| ) and ( [4. 121 ) are obtained as 

2hG 1 

(4.17) 



Z. 

^4 



2hG 1 



^vo (Z^-r,)\Hl'\z)\ 



(4.18) 



We take the ratio of Eq. ( |4.17| ) to Eq. ( [4.18|) to cancel the time dependence, and integrate 
it to get the Z^ — Z_ relation: 

Z+ = Co(Z_-r,), (4.19) 

where cq is the integration constant. With the choice of cq = — 1 this relation is trans- 
lated back to that of the original metric variables f/, V in Eq.( p.4| ): 



U = -l 



^1/2' 



(4.20) 



which corresponds to the classical relation in Eq. ( p^.5| ). The U — V^/'^ relation is shown 
in Fig.l, where the boundary of the classical region is also shown. 



Fig.l 



We take the natural units c = h = G = 1 and f q = 2 in this and the following figures. 

Using the U — V^/'^ relation (|4.17| ), the remaining independent T — V^/'^ relation is 
obtained in the integral form: 



T=^J Z\Hl'\Z)\'dV'/' with Z 
Considering the asymptotic form of the Hankel function 



Gh^ ^' 



Hl')(Z)^eM-^Z) J— for Z » 1, 



(4.21) 



(4.22) 



we can show that the T — V^^'^ relation approaches the classical relation T = V^l'^ in 
semi-classical region. Near the horizon Z ^ 0, the Hankel function is approximately 
expressed as 

^ (lnZ)2 for u = 
\Hi'\Z)\'^l ^ (4.23) 



->2ui 



tt'^Z^'^ 



for u = positive integer. 
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In the following, we discuss the case of z/ = and u = 1. In the case for u > 1 the 
behavior of the physical quantities is similar to the case for u = 1. We estimate the 
T - 1/1/2 relation (gl^ near the horizon using the approximate equation ([4.23|) as 



T-Tn 



^^0 



nGh 
2Gh 



{V^'^-rgf {\n\V^'^~rg\f for 







(4.24) 



TXVq 



In 1^1/2 for z/ = l, 



where Tq is the integration constant. From these expressions, we can see that T shows 
flat behavior for u = and steep behavior for u = 1 near the horizon V^^"^ "^g- 
Figs. 2 (a) and (b), numerical estimations on the T — V^l"^ relation (^4.21 ) are shown. 



Figs. 2 (a) and (b) 



Fig. 2 implies that the net region of the horizon extends widely for z/ = 1 whereas 
some part of the horizon region is cut off for z/ = 0, comparing with the classical 
relation V^l'^ = T. We note that the inner metric for z/ = 1 cannot connect the outside 
metric as T diverges near the horizon. In Fig. 2 (b), the double wavy mark denotes this 
discontinuity between the inside and the outside. The U — T relation can be obtained 
from the U — V^l'^ relation in Fig.l combining T — V^l"^ relation in Fig.2. 



We next estimate the quantum potential Q, ( |4.14| ). Using the asymptotic behavior 
of the Hankel function in Eq. ( |4.22| ), the quantum potential becomes zero for Z >> 1. 
The non-zero structure, which shows the quantum effects, exists only near the horizon 
Z ^ 0. The quantum potential, Eq.( [4.14D is estimated approximately near the horizon, 
using the relation (|4.23|) , as 



Q 



8G {In Zy 



2G 



for z/ = 



for z/ = 1. 



(4.25) 



The quantum potential diverges positively for z/ = and is negative finite for z/ = 1. In 
Figs. 3 (a) and (b), the graphical representation of the quantum potential is shown. 



Figs. 3 (a) and (b) 



The quantum effect behaves very differently for each value of the index of the operator 
ordering z/ = and u = 1. 

Now we consider the horizons. The event horizon, which has the global meaning, 
is located at the null surface U = 0. On the other hand, the apparent horizon, which 
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has the local meaning, is defined by the expansion for outgoing null rays becomes zero: 
6'+ = 0. The product of the expansion for outgoing and incoming null rays can be 
written as[^, ^ 

«, = W-'(v^)^l(l-^). (4.26) 

In the classical theory, the apparent horizon takes on V^l'^ = 2Gm and agrees with the 
event horizon through the relation U = —V^l'^ + 2Gm. In quantum theory, 0^0^ is a 
operator, and the quantum fluctuation becomes very large near 

= 2Gm. Then the 

estimation of the apparent horizon is not straightforward. Followed by NKOT[23|, we 
require the apparent horizon in the quantum theory as 

e_e+ ^ = 0, (4.27) 

where \& denotes the simultaneous solution of the WD equation and the mass eigenstate 
equation. By this requirement the mass operator M in Eq.( |4.26| ) is reduced to the eigen 
value m and the quantum apparent horizon takes on the classical value V^^"^ = 2Gm. 
Then the relation U - V^/^, Eq.(^:20|) means that the two horizons, the event horizon 
and the apparent horizon, coincide from the view point of the dBB interpretation. 

In order to understand the property of the horizon, we consider the motion of the 
light ray on the geometry of the quantum black holes. In principle, the light ray as well 
as the black hole geometry should be treated in the quantum theory. It is because the 
massless particle curves the spacetime where it propagates, while it propagates in the 
curved spasetime. Instead of this, we treat the light ray as a test particle in order to 
probe the quantum property of the geometry. It means that we consider the low energy 
limit of the light ray and the quantum geometry does not take the influence from this 
test light ray. 

The null condition for the metric in Eq.( p.4|) becomes 



We take the variable V^^'^ instead of T as a independent variable, where the T — V^^'^ 
relation is seen in Eq.( [4.2l| ). Then we obtain the integral expression for the light ray as 

The approximate behavior near the horizon V^/^ ~ of this equation is estimated using 




Eg. (^1231) as 



R-Ro- { 



T^iV-rl)(\n\Vy,~r,\r for u = 
G^hm 1 

TTTT^ for ^ = 1) 



(4.30) 



Anvn 1/1/2 
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where Rq denote the integration constant. In Fig.4, the numerical estimations of R—V^^"^ 
relation for the light ray ( [4.29| ) are shown. 



Figs. 4 (a) and (b) 



For the comparison, the light ray in the classical case 

Rd = -T -2\n\V^/^ -rg\+2\nrg and V^^^ = T, (4.31) 

is also shown in the figures. The integration constant is fixed so that the light ray on 
the dBB trajectory and that on the classical trajectory coincide at the origin (T = 0) 
and the infinity (T = oo). The classical ray is modified near the horizon region. In 
case of z/ = the light ray forms a cusp of a finite height of R at the horizon position 
yi/2 _ 2Gm. In case of = 1 though the light ray behaves like to that in the classical 
case, it diverges as the inverse power {V^^"^ — rg)~^ near the horizon in stead of logarithm 
in the classical case. In this case the horizon region is just expanded. 



5 Summary and Discussion 

We have studied the dBB interpretation for the quantum theory of the black hole 
geometry. We have estimated the dBB trajectories and the quantum potential. The 
dBB trajectories have been obtained from the phase and the quantum potential from 
the amplitude of the wave function. By considering both quantities, we can get the total 
picture of the quantum black holes. 

Here we compare the dBB interpretation with the WKB approach. The WKB ap- 
proach covers the semi-classical region. However by means of the dBB interpretation we 
can define the dBB trajectories not only in the classical region but also in the quantum 
region and get the glabal picture through the dBB trajectories. The quantum effect can 
be estimated quantitatively and continuously from the quantum potential and from the 
difference of the dBB trajectories with the classical ones. In the case that the quantum 
potential is negligible, the trajectories in the dBB interpretation agrees with those in 
the WKB approach, but its interpretation is different. For example, wave functions are 
peaked about strong correlation between coordinates and momenta along the trajec- 
tories in the WKB approach discussed by Halliwell[^] and Kadama|p2||. On the other 



hand, the trajectories in the dBB interpretation have the causal meaning and therefore 
approach the classical ones without measurement process. 



In the region where the quantum effects cannot be negligible, any probe which plays 
the role of the observation in Copenhagen interpretation may affect to the dBB tra- 
jectories. We have considered the motion of the light ray on the quantum geometry 
in order to study the quantum effect, which becomes very large near the horizon. In 
the evaluation in Figs. 4 (a) and (b), we treat the light ray as a test particle, which 
means that it does not affect to the geometry. In principle, the light ray as well as the 



13 



black hole geometry should treat in the quantum theory, because the light ray curves 
the spacetime which it propagates. In the appendix, a model for the quantum theory 
of the massless particle and the black hole geometry is considered and its connection to 
the calculation of the light ray in section 4 is studied. 

We concluded that the classical U — V^l'^ relation ( [4.20 ) holds also in the quantum 



case on the dBB trajectory. Then the event horizon and the apparent horizon which is 
defined in Eg. ( [4.27] ) are coincide. The reason why the classical and the quantum \J —V^l'^ 



relation become same is that two constraints, the Hamiltonian constraint and the mass 
constraint, are imposed on the wave function and then the phase factor S of the wave 
function becomes the function of the only one variable z in Eg. ( p. 12 ) and so the ratio 



of the two eguations defining the momenta of the dBB trajectories, ( [4.11| ) and ( [4. 121) 



can be calculated unambiguously to derive the \J — V^l'^ relation. The possibility of the 



inequality of the event horizon to the apparent horizon was discussed by NKOT[^]. 
Their main interest lays in the tunneling effect from the outside to the inside of the 
horizon. They argued that if the apparent horizon does not coincide with the event 
horizon, the U — V^l"^ curve outside the horizon can be connected to that inside the 
horizon through the tunneling of the forbidden region. 

In our analysis, the quantum fluctuation largely depends upon the ordering param- 
eter. In case of the ordering parameter > 1, the net horizon region is enlarged to 
infinity as seen in Fig. 2 (b) and the causal connection between the inside and the out- 
side of the horizon is cut off. Its mathematical reason is the strong singular behavior 
of the Hankel function at the 2; = 0. On the other hand, in case of z/ = 0, the light 
ray on the quantum geometry of the black hole forms a cups and reaches the horizon 
region within the finite i?, which plays the role of time originally. So the z/ = case is 
specially interesting. We note also that if the Hermiticity is required to the quantum 
operators such as the Hamiltonian and the mass operator, even though the Hilbert space 
of quantum gravity is not well understood yet, the relation among the ordering indexes 
z/ = p — g = Ois preferred and then the quantum solution ( p. 161 ) is expressed by the 
Hankel function with the order z/ = 0. 



Concerning to our work, an interesting phenomenon is on the Hawking radiation [jT7|. 
As we have obtained the quantum geometry of the black hole, it will give the effects 
on the scattering or the radiation of the electromagnetic and matter fields. Recently 
using the Vaidya metric black hole radiation in quantum geometry was discussed by 
Tomimatsu[|T^] and Hosoya and Oda[^. The black hole radiation in our approach 
remains future problem. 
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A Model for massless particle 

We consider a quantum model of the massless particle and the black hole geometry. 
The action consists of two parts: the gravity part (|2.6|) and the massless particle action 
S'm, which is 

Sm = J d^'x^p^g ^ ^'^g^^ ^^^g^, {d,X^){d,XP), (A.l) 

where X denotes the coordinate of the massless particle, which are assumed to take only 
the time and the space components as functions of T, 

X" = (X°(r)/a, X\T), 0, 0). (A.2) 

We substitute insert the metrics Eq. (|2.4] ) into the matter action ( [A.l|) and change the 
variables to symmetric ones Eq.( |2.10D . Then the matter action becomes 

Sm = J dtdr^iiX^)' - U\X'f). (A.3) 

The canonical momenta conjugate to X° and X^ are calculated as 

V ■ VU^ ■ 
Po = vo-XO, Pi = -vo XI. (A.4) 

a a 

The massless particle Hamiltonian Hm is obtained as 

Again the total Hamiltonian constraint is obtained 

H + Hm ^ with a = 1. (A.6) 

After the canonical quantization Pq = —ifido and Pi = —ihdi, we obtain the WD 
equation for the wave function X°, X^) as 

{H + Hm) *(^+, X°, X^) = 0. (A.7) 

By solving this WD equation we get the total quantum picture of the massless particle 
and the black hole geometry. Now we investigate the relation of this equation to the 
analysis which has been done in the section 4. First we make the approximation that 
the wave function is assumed to be of the form in the separation of the variables 

^{z+, z_, X°, X^) ~ ^(^+, z_) $(X°, X^). (A.8) 

In this approximation, the wave functions and $(X°,X^) satisfy the WD 

equation separately, which are Eq.(p.4|) and 



{d',-'^dl)HX'^,X') = 0, (A.9) 



2vqz. ' ^ zi 
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where 2;+ and Z- are assumed to take values of the dBB trajectories: ( [4.11| ) and 
( [4.12| ). We further make the WKB approximation for the phase of the wave func- 

tion ~ exp and identify its derivative with the momenta ( |A.4|) , and get 

the equation for the massless particle as 

Identifying = AT and = Ai?, where A is introduced as a scaling parameter, we 
obtain the light ray equation ( [4 .281) in section 4. In this approximation, the massless 



particle and the geometry do not give the influence each other. If we improve the 
approximation to include the correlation, the mass operator cannot take constant value. 
The change of the mass operator is expressed through the commutation relation between 
the mass operator and the Hamiltonian as 

M = ^\H + AH, M] 
in 

—9C 9C 1 

Vq Vo ^ 

9C 1 

^ —{n^HM + -{z^'n^n^z-')p^), (A.ii) 

where we take the Weyl operator ordering. This equation shows that the mass function 
changes according to the interaction of the masslass particle and the geometry. The 
analysis of this model remains our future problem. 
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Figure Captions 

Fig.l The U — V^l"^ relation is shown. The semi-classical region is bounded by dashed 
line. The event horizon ([/ = 0) and the apparent horizon [V^l"^ = 2Gm) coin- 
cide on the dBB trajectory. The natural units c = U — G = 1 and vq = 2 are taken. 

Fig. 2 The T — V^^"^ relation is shown. The ordering parameter is taken = in (a) 
and z/ = 1 in (b). The classical relation T = V^^"^ is denoted by dashed line. The 
double wavy mark in (b) indicates the discontinuity between the inside and the 
outside of the horizon. Axis unit is same as in Fig.l. 

Fig.3 The quantum potential Q is shown with respect to the variable V^^"^. The 
ordering parameter is taken v — Q va. (a) and v — 1 va. The large positive 
effect is appeared for z/ = and the negative constant effect is appeared ior v — 1 
near the horizon. Axis unit is same as in Fig.l. 

Fig.4 The light ray on the dBB trajectory is shown. The light ray on the classical 
geometry is indicated by dashed line. The ordering parameter is taken z/ = in 
(a) and i/ = 1 in (b). The light ray forms a cups and reaches to the horizon at 
finite R in case oi v — The light ray in case of = 1 behaves like that in the 
classical case. Axis unit is same as in Fig.l. 
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